High-precision Hf isotopic analyses and U-Pb ages of carbonatites and kimberlites from Greenland and eastern North America, including Earth's oldest known carbonatite (3 Ga), indicate derivation from an enriched mantle source. This previously unidentified mantle reservoir-marked by an unradiogenic Hf isotopic composition and preserved in the deep mantle for at least 3 b.y.-may account for the mass imbalance in Earth's Hf-Nd budget. The Hf isotopic data presented here support a common mantle source region and genetic link between carbonatite and some oceanicisland basalt volcanoes.
INTRODUCTION
Recent Hf isotopic studies of Early Archean juvenile lithologies (Vervoort and Blichert-Toft, 1999; Amelin et al., 2000) advocate for mantle depletion early in Earth's history (Ͼ3.7 Ga). This depletion may have resulted via the extraction of sialic (Bowring and Housh, 1995) , or large ion lithophile element (LILE)-enriched mafic crust (Chase and Patchett, 1988; Vervoort and Blichert-Toft, 1999) . The paucity of unradiogenic Hf isotopic signatures in juvenile Early Archean rocks, indicative of derivation from an enriched mantle source, suggests that this crust was rapidly recycled back into the mantle and isolated from convective stirring. Isolation of recycled material may be achieved at deep mantle levels, such as the 660 km seismic discontinuity or the core-mantle boundary. Recycling at the 660 km discontinuity implies a layered convective regime for Earth's mantle, which is not supported by geophysical evidence (Van der Hilst et al., 1997) , thus leaving the core-mantle boundary region as the most likely possibility of the two. As discussed elsewhere (Albarède et al., 2000) , the exact chemical and physical nature of the bottom 1000 km of the mantle is unknown. The presence of strong seismic heterogeneity in this region of the mantle is consistent with the existence of compositionally distinct domains, possibly isolated from convective stirring (Tackley, 2000) . Sampling of these deep mantle domains may occur via the production of vertically oscillating domes with narrow tubular plumes arising from their upper surfaces, as modeled by thermochemical convection experiments (Davaille, 1999) . For Earth's mantle, this process occurs at low density contrasts (Ͻ1%), and provides a mechanism by which deep (recycled?) material may be involved in surface volcanic processes. Recycled material in the source region of recent oceanic volcanism, in particular for HIMU basalts (generated from mantle source with high -238 U/ 206 Pb ratios), has been argued based on Pb (White and Hofmann, 1982) and Hf isotopes (Salters and White, 1998; Blichert-Toft et al., 1999) . One commonly held view is that HIMU-type basalts are derived from a boundary region where subducted oceanic lithosphere has accumulated (e.g., Hofmann, 1997; Bell and Tilton, 2001) . It has been proposed that the HIMU mantle component may be stored at the coremantle boundary (Hart, 1988) , and recent tomographic results indicate major upwelling from this region in at least two places ( Van der Hilst et al., 1997) . These are the southeast Pacific Ocean and the East African *Present address: Geologisk Museum, Øster Voldgade 5-7, 1350 Copenhagen K., Denmark. Rift zone; the latter contains an overwhelming number of kimberlite and carbonatite complexes (Woolley, 1989) . Furthermore, Nd, Pb, and Sr isotope data from carbonatites worldwide (in particular those Ͻ200 Ma) indicate similarities to oceanic-island basalts (OIBs) as previously proposed by other workers (e.g., Nelson et al., 1988) , and suggest mantle mixing involving the HIMU component (Tilton and Bell, 1994) . To date, the Hf isotopic systematics of carbonatites and kimberlites, and their kinship to HIMU basalts, has yet to be thoroughly investigated. To this effect, we report on the Hf, Nd, and U-Pb isotope systematics of carbonatites and kimberlites from eastern North America and Greenland in order to constrain their mantle source regions. The carbonatites at Qaqarssuk, Sarfartoq, and Tupertalik of southwestern Greenland (Larsen and Rex, 1992) , and kimberlites from the Guigues pipe of eastern Canada (Heaman and Kjarsgaard, 2000) and Sarfartoq (Larsen and Rex, 1992) , were intruded over a period of Ͼ2.6 b.y. (see Table 1 ). This provides an unparalleled opportunity to investigate the chemical evolution of their source regions. Table 1 lists the results for U-Pb age determinations using isotope dilution thermal ionization mass spectrometry (ID-TIMS) and Hf isotopic composition by multicollection, inductively coupled plasmamass spectrometry (MC-ICP-MS; IsoProbe from Micromass) for baddeleyite (ZrO 2 ) and zircon (ZrSiO 4 ) from carbonatite and whole-rock kimberlite (hypabyssal facies) from Greenland and Canada. U, Pb, and Hf isotopic compositions were determined on the same baddeleyitezircon grain or mineral fraction for both solution and laser ablation modes. Additional data tables are available in the GSA Data Repository 1 .
RESULTS
The U-Pb data obtained for 7 baddeleyite fractions yield the precise concordia age of 3007 Ϯ 2 Ma (Fig. 1) ; thus, Tupertalik is Earth's oldest known carbonatite. This age is ϳ300 m.y. older than any other carbonatite occurrence documented to date (Woolley, 1989) . Only grains exhibiting concordant U-Pb ages (i.e., closed-system behavior) were selected for Hf isotope analyses. The occurrence of baddeleyite is restricted to mafic and alkaline magmas (Heaman and LeCheminant, 1993) , and not likely inherited from the surrounding felsic crustal lithologies. The 176 Lu/ 177 Hf values for 10 zircons and 10 baddeleyites from the Tupertalik carbonatite and for 7 zircons from Sarfartoq, determined by laser ablation MC-ICP-MS, range from 0 to 0.000 02 and 0.0001 to 0.0004, respectively; this results in a maximum (downward) age correction on the 176 Hf/ 177 Hf value of Ͻ20 ppm for Sarfartoq and Ͻ5 ppm for Tupertalik. These corrections are considered negligible because they are well within the internal precision of individual analyses (Table 1 ) and the (2) external reproducibility (100 ppm): presentday Hf isotopic compositions of baddeleyites and zircons were considered initial values for all carbonatite complexes.
Hf isotopic results are presented in an Hf ( Hf is a deviation of the 176 Hf/ 177 Hf ratio from the chondritic reference value, multiplied by 10 4 ) versus age diagram (Fig. 2) . The three kimberlite samples analyzed are characterized by Hf isotopic compositions intermediate be- Note: Hf(t) and Nd(t) values were calculated using planetary reference values of Blichert-Toft and Albarè de (1997) and Jacobsen and Wasserburg (1980) , respectively, and the Lu decay constant () of 1.865 ϫ 10 Ϫ11 yr Ϫ1 (Scherer et al., 2001) . Hf(t) values were calculated using ages of 175 Ma and 600 Ma for the Guigues and Safartoq kimberlites, respectively. Chemical separation for Lu and Hf is after Blichert-Toft et al. (1997) and Amelin et al. (2000) . Procedural blanks of Ͻ50 pg for Hf are considered negligible. Measured ratios were corrected for mass fractionation to tween depleted mantle (DM) and unradiogenic values ( Hf Ͻ 0), similar to kimberlites from South Africa (Nowell et al., 1999 Fig. 2; Scherer et al., 2001 ). The Hf compositions of baddeleyite and zircon from the Tupertalik carbonatite exhibit a good correlation with the 206 Pb/ 238 U ratio (Fig. 1) , such that the most concordant grains (high 206 Pb/ 238 U) show negative Hf values. In addition, the U content is not correlated to either the Hf isotopic composition or the 206 Pb/ 238 U value of the grains analyzed. This indicates that the negative Hf component is not the result of a postcrystallization metamorphic disturbance, but probably represents the true isotopic signature of the melt. A combined U-Pb and Hf laser ablation (LA) MC-ICP-MS study was undertaken on zircons from the Tupertalik and Sarfartoq carbonatites. Zircons for which a concordant U-Pb age was determined by LA-MC-ICP-MS yielded a range of Hf isotopic compositions comparable to that established in solution mode (Fig. 2) . 
DISCUSSION
The estimated compositions for the mantle sources of both Ͻ600 Ma kimberlites and carbonatites and the 3 Ga Tupertalik carbonatite are distinct from the mantle sources sampled by modern oceanic basalts, because the data are below the array formed by mid-ocean-ridge basalts (MORBs) and OIBs. Such a decoupling, also noted for HIMU basalts from St. Helena (Salters and White, 1998) , indicates derivation from a reservoir with subchondritic Lu/Hf and superchondritic Sm/Nd ratios. This decoupling can be achieved during partial melting in a midocean-ridge setting, because modern MORBs are characterized by subchondritic Lu/Hf and superchondritic Sm/Nd ratios. Long-term storage of such a mafic component would generate a mantle reservoir with time-integrated unradiogenic and radiogenic Hf and Nd isotopic compositions, respectively. Thus, the Sm/Nd and Lu/Hf fractionation trends observed in Figure 3 indicate that the source region for the 3 Ga Tupertalik carbonatite and younger carbonatites, kimberlites, and modern HIMU basalts, may contain a recycled mafic crustal component. The variations in Hf isotopic compositions recorded by zircon and baddeleyite crystals (Figs. 2 and 3 ) also suggest open-system behavior involving distinct mantle reservoirs during carbonatite formation, such as plume and subcontinental lithosphere (e.g., Bell and Simonetti, 1996; Simonetti et al., 1998) . Another striking feature of Figure 3 is that the Early to Middle Archean terrestrial mantle was isotopically much more heterogeneous (in particular for Lu/Hf) than the presentday mantle sampled by MORBs and OIBs. As discussed in Albarède et al. (2000) , the isotopic heterogeneity observed in the early terrestrial mantle exhibits similarities to the poorly mixed mantles of planetary bodies such as Mars and the Moon, and may represent a transient regime inherited from initial planetary differentiation. Our study thus confirms that such isotopic heterogeneity was still present as late as ca. 3 Ga, but more elusive in Ͻ2.7 Ga mantle-derived rocks.
The Hf-Nd isotope systematics of modern basalts and chondrites requires an additional reservoir complementary to depleted mantle and continental crust in order to account for the accepted Hf-Nd composition of BSE (Blichert-Toft and Albarède, 1997) . This missing component may consist of recycled basalts representing old oceanic crust and plateaus (Chase and Patchett, 1988; Blichert-Toft and Albarède, 1997) . Assuming that this reservoir equates to the carbonatite-kimberlite source region, and formed ca. 4 Ga (Fig. 2) , a 176 Lu/ 177 Hf of ϳ0.027 is required to generate the least radiogenic Hf composition observed at 3 Ga (i.e., 19% fractionation from the BSE value of 0.0332; BlichertToft and Albarède, 1997). Formation of the carbonatite and kimberlite source reservoir ca. 4 Ga is consistent with other estimates of timing of mantle differentiation (Vervoort and Blichert-Toft, 1999) . Using this constraint and accepted abundances of Lu, Hf, Sm, and Nd for Earth's major geochemical reservoirs (McDonough and Sun, 1995; Rudnick and Fountain, 1995) , mass-balance calculations indicate that the unradiogenic Hf component may account for 10%-15% of the total mass of silicate Earth. For depleted mantle, Hf (0.15 ppm), Lu (0.01 ppm), Nd (1 ppm), and Sm (0.2 ppm) contents were derived using batch melting equations (Albarède, 1995) , partition coefficients from Hart and Dunn (1993) , and assuming 10%-15% garnet-absent melting in order to yield average compositions of MORBs (McDonough and Sun, 1995) . These abundances are consistent with Lu/Hf and Sm/Nd ratios accepted for depleted mantle based on Hf and Nd isotope compositions (Vervoort and Blichert-Toft, 1999 ). This approach results in Hf, Lu, Nd, and Sm concentrations of ϳ1, 0.2, 1.5, and 0.4 ppm, respectively, in the missing mantle reservoir, which represents ϳ10%-15% of BSE as compared to ϳ85%-90% for depleted mantle and 0.6% for continental crust. These concentrations are approximations because they are highly sensitive to model parameters such as partition coefficients and degree of partial melting. This calculation assumes a present-day Hf ϳϪ17 for the enriched component, and the absence of any primitivemantle-like reservoir, because the Hf-Nd isotope geochemistry of terrestrial basalts is inconsistent with derivation from such a component (Blichert-Toft and Albarède, 1997). The proposed model results in a present-day 176 Hf/ 177 Hf value of 0.282 79 for BSE, which differs by ϳ75 ppm from the accepted value of 0.282 772 (Blichert-Toft and Albarède, 1997). These two values, determined independently, are identical considering the uncertainties associated with both the isotopic compositions for the BSE model (Blichert-Toft and Albarède, 1997) and our calculated value (50 and 100 ppm, respectively).
Our data indicate the existence in the source region of kimberlite and carbonatite magmas, since at least 3 Ga, of a negative Hf component that is decoupled from the Nd isotope systematics and divergent from either depleted-or primitive-mantle compositions. The carbonatite and kimberlite mantle source is distinct from that that generated the Archean komatiites, because these sampled a depleted mantle source ca. 3 Ga (Fig. 2) . In addition, Sr and Pb isotopic data from North American carbonatites (ranging from 0.1 to 2.7 Ga) indicate derivation from a source region distinct from either primitive or MORB-like depleted mantle (Bell et al., 1982; Tilton and Bell, 1994) . Alternatively, the negative Hf component may also reside in the subcontinental mantle (Griffin et al., 2000) . New Hf isotopic data for con-stituent minerals from kimberlite-hosted garnet peridotite xenoliths from the Canadian Arctic (Schmidberger et al., 2002) refute this interpretation, because these analyses systematically yield positive Hf signatures. Our preferred interpretation is that carbonatite-kimberlite melts are derived from an unradiogenic Hf mantle source that is at least 3 Ga. Isolation of this mantle source may have occurred in the deep mantle (core-mantle boundary region?), and may consist of recycled, fertile lithosphere related to an Early Archean mantle-depletion event (e.g., Chase and Patchett, 1988) . A similar model is presented for the generation of South African group I and II kimberlites, involving plumes originating from a deep mantle source characterized by a negative Hf signature (Nowell et al., 1999) . Bell and Tilton (2001) also proposed carbonatite generation via plumes originating from the deep mantle (the bottom 1000 km of the mantle) involving the HIMU and EM1 (enriched-mantle 1) mantle components, corroborating the model presented here.
